molecular level, using soft and biomimetic materials, simultaneously. The process of natural biomaterials implementation for the intensive improvement of the adsorption properties of traditional materials is advantageous, in hierarchy over the ordinary adsorption, as published in the literature [6] [7] [8] [9] .
Natural zeolites have been the most popular, inexpensive, and alternative adsorbents in water cleanup for several decades. According to Babel et al. [4] , they are 15-times cheaper than the other worldwide broaden natural product chitosan. On the other hand, if the chitosan starts to be used more often for water treatment as coated or as host substance in embedded hybrid adsorbents, this product may significantly improve its removal performance, profitability, and economic feasibility, including its considerable price decrease. By such a strategy the environment also may benefit. Nevertheless, the low-cost adsorbents, in general, may in near future contribute to the more efficient protection and sustainability of our environment [9] [10] [11] [12] [13] [14] [15] [16] .
Materials and Methods

Adsorbents Examined
Al-Mg -montmorillonite-rich bentonite originated from the deposit Stará Kremnička -Jelšový Potok in the Slovak Republic, which is the most popular and long mined ore of the country. Bentonite from this ore meets most of the geotechnical requirements for the construction of the filler, damping, and sealant barriers. Basically, bentonite belongs to a group of natural nanomaterials composed predominantly of crystalline mineral particles from the group of dioctahedral smectites -montmorillonite (less than 0.2 mm). In contact with water and polar liquids bentonite allows us to expand in volume up to 12 or more times and in such a plastic state keeps viscous, desirable rheological properties with the typical sealing effects. Montmorillonite, from montmorillonite-rich bentonite, was obtained after sedimentation and purification procedures [16] [17] [18] [19] [20] . The price of the montmorillonite on the market costs 30-80 Euro per ton [4, 20] . Its surface area S(BET) reaches the value 240 m 2 /g, and the bulk density of montmorillonite is about 2.0 g/cm 3 . Natural zeolites, mostly clinoptilolite-rich tuffs of Slovak, United States (Castle Creek, Idaho), and Chinese (Hubei) deposits, as well as mordenite from New Zeland, were examined. The domestic natural clinoptilolite (Nižný Hrabovec repository in eastern Slovakia) was chosen on the basis of its low-price in the local market Euro per ton for size-granulation of 0.3-1 mm), cost-effectivness, and its sufficiently large surface area (~ 60 m 2 /g), the highest among the other natural products, rigidity, and surface functionality. However, the huge Chinese zeolite producer Shijiazhuang Mining Imp & Exp Trade Co. offers clinoptilolite-rich tuffs according to pretreatment for 30-215 Euro per ton. Natural zeolite in USA is purchased for 20-80 Euro per ton [4, 18] . Zeolites are crystalline, hydrated aluminosilicates with a typical system of structural cages and channels. The common physical characteristics of this clinoptilolite-rich tuff are the following: bulk density 2.39 g/cm 3 , shipping weight 0.84 g/cm 3 , total porosity of about 35%, size -granulation of 0.2-0.5 mm [10, 17, 18] .
Granulated ferric hydroxide (GEH 102, 104 ) was developed at the Department of Water Quality Control in Technical University of Berlin in the early 1990s for removal of arsenic from natural waters and is an approved commercial adsorbent manufactured by GEH Wasserchemie GmbH & Co. KG Osnabrück (Germany). The main components of GEH are akaganeite (ß-FeOOH) and goethit [α-FeO(OH)]. The product has the specific surface area of about 220 m 2 /g, water content of 45%, bulk density 1.2 g/cm 3 , and a price of 3,750 Euro per ton. For the experiments the size granulation under 0.3 mm was selected [19] .
Slovakite decodes a commercial adsorbent manufactured by IPRES Inžiniering, Ltd. Bratislava from domestic dolomite, bentonite, diatomic clays, alginite, and zeolite, justified only with clinker and final pressurizing. This product received EU Patent No. 1098851. Slovakite is purchased for about 700 Euro per ton in the size granulation of 0.2-0.5 mm. The bulk density of this product equals 2.1 g/cm 3 and S(BET) surface to 23 m 2 /g [17] . Alginite fossil (in size granulation of 0.2-0.5 mm, with the specific surface area of 27 m 2 /g) was from the southeastern Slovak deposit Pinciná [7] . Alginite is an ecological raw material that originates from the algae stock deposition (Botryococcus braunii Ktz.) situated at the bottom of a maar lake together with the clay weathering, products washed out from the maar ring, and composed of the basalt tuffs. This fossil possesses high humus content, macro-, micronutritive and trace elements, including considerable dehydration ability what supports its utilization as soil fertilizer, pharmaceutical additive, and environmental adsorbent. The bulk density of this fossil equals 0.85 g/cm 3 and porosity is higher than by the other natural aluminosilicates (45%). Alginite price per ton on the market oscillates around 30-40 Euro per ton [4, 7, 15] .
Calsit, as a molecular sieve of synthetic zeolite type 5A, having a pore size of 0.5 nm, was manufactured by Research Institute for Oil and Petroleum Gases in Slovnaft Bratislava (Slovak Republic). Calsit, with about 70% of Na ions exchanged into Ca ions, has bulk density of 0.7 g/cm 3 , the maximum water content in granulated form of 1.5% wt, porosity about 40%, and specific surface area of 353 m 2 /g [6] . Before experiments, the cylindrical extrudates with the diameter of 3.0 mm were mechanically powderized to get some comparable size granulation of 0.2-0.5 mm with the other used adsorbents.
Chinese blast furnace slag (industrial solid waste) originated from a coal (thermal) power station in the broader vicinity of Shanghai. According to the elemental analysis performed, the slag consisted of amorphous predominantly calcium aluminosilicate. Slag obtained was characterized by the size granulation of less than 0.2 mm. Bulk density of the slag is 2.4 g/cm 3 and its surface area S(BET) equals 11 m 2 /g. Blast furnace slag used to be purchased in China for 28 Euro per ton [4] .
Combined chitosan-zeolite adsorbent was prepared at the Technical University of Liberec (Czech Republic) in the nanospider apparatus, which ensured more or less an electrostatic inclusion of self-organized chitosan chains into zeolitic channels.
Chitosan (a chelating scavenger of heavy metals) is produced from chitin, which is the second most abundant natural biopolymer (after cellulose) on the globe,. It is made by alkaline N-deacetylation of chitin, widely found in the exoskeleton of shellfish and crustaceans such as crab, lobster, insects, mushrooms, and bacteria. High adsorption performance of chitosan to toxic metals is attributed to the large number of hydroxyl-and aminogroups including chitosan flexible polymer chain structure [1, 17] . Bulk density and surface area S(BET) of this chitosan-zeolite adsorbent were comparable to the raw zeolite samples, except the porosity parameter, which was slightly lowered due to the covering of the external surface of this product with the chitosan chains.
Analytical Procedures
Chemicals necessary for the stock solution preparation were purchased mostly from Lachema Brno (made in Czech Republic) of analytical grade quality. Aqueous model solutions of the pollutant examined in adsorption experiments (as phosphate) were determined by means of Isotachophoresis on a ZKI 02 analyzer (Villa Labeco). The measured data were processed by ITP PRO 32 program (Kas Comp, Ltd. Bratislava). Atomic Emission Spectrometry (ICP OES, Jobin Yvon 70 Plus) at the wavelength 213,618 nm for phosphorus was also used for experimental results verification.
Laboratory Setup
A continuous and well mixed batch reactor used to be the most common way to study the reaction between solute and adsorbent. This experimental configuration offers a number of potential advantages like long contact time, upon which a high particle load may be derived or controlled mixing to reduce an external mass transfer effect.
Batch mode or discontinuous adsorption experiments were carried out using the 30 mL aliquot of model solution with variable pollutant concentration and 0.3 g adsorbents (weight with analytical precision) equilibrated for the designated time interval in 100 mL glass stopper bottles, after which the supernatant solutions were separated mostly by centrifugation and such rezidual pollutants analyzed. The samples were agitated in a horizontal Elpan water bath shaker equipped with variable speed and water bath temperature adjustment, necessary for the thermodynamic (3 various temperatures) measurements. All the batch experiments were thus carried out at constant temperature in a shaking water thermostat by agitation speed of 200 rpm.
The initial phosphate concentration in the solutions examined during the kinetic and thermodynamic studies were always identical, used the prepared stock solution (Cõ 300 mg/L), whose concentration was permanently verified with analytical precision at the begining of every experiment. All measurements were done in triplicate.
The equilibrium uptake capacity a (in mg/g) for each sample was calculated according to the following mass balance equation:
...where C i and C eq were initial and equilibrium concentrations of studied pollutant (in mg/L), m was the mass of adsorbent examined (in g), and V was volume of the solution in liters (L).
To compare the bounding strengths of the adsorbed phosphate on the four best adsorbents examined, i.e. clinoptilolite-rich tuff, GEH, montmorillonite, and slovakite, some simple test for reversed elution of phosphate into 1% NH 4 Cl solution was realized. Before this elution test, all those adsorbents were loaded with phosphate by identical procedure in aqueous solutions of 100 g PO 4 3-/L (10 g of adsorbent in 1 L of solution) using the laboratory shaking machine for 4 hours. Such phosphate-loaded adsorbents were then separated and thoroughly washed in deionized water to remove surface, weakly bound phosphate, and dried at 105ºC for 2 hours in a laboratory drier.
Results and Discussion
Kinetic Studies
The adsorption dynamic is traditionally described by the following three consecutive steps: transport of the solute from bulk solution through liquid film on the adsorbent exterior surface, solute diffusion into the pores of the adsorbent and parallel the intraparticle transport, and adsorption of the solute into the interior surface of the adsorbent [8, [11] [12] [13] .
Various kinetic models have been suggested for adsorption, including the Lagergren pseudo-first and pseudo-second order, external diffusion, or intraparticle diffusion (Weber-Morris mass transfer) models, expressed in Eqs. 1-5 below [8] [9] [10] [11] [12] [13] [14] particle diffusion control stage, respectively; a eq the maximum amount of solute adsorbed at equilibrium in mg/g; a the amount of solute on the surface of the adsorbent at any time t in mg/g; C is the intercept at the ordinate; D f and D p are the film and pore diffusion; r o is radius of sample grains in cm; δ is the film thickness in cm; and t is time in minutes.
Firstly, kinetic measurements presented in Fig. 1 were done to distinguish the phosphate removal performance of the rather broad range, mostly aluminosilicate adsorption materials of the more or less natural-based solids, among which only the most effective ones for the next, more detailed kinetic and thermodynamic studies, were chosen. The data at all curves (Fig. 1) mean the arithmetic average values of three parallel measured samples, usually for every time interval till the equilibrium. While triplicate measurements are statistically indicated only at isotherm plots, they were performed in all experiments despite not recording at the other plots. Experimental kinetic data obtained were computed using the QtiPlot program of non-linear regression analysis.
The study of phosphate adsorption dependence with time onto various adsorption materials was carried out at 298, 313, and 333 K for solutions with Co ~ 300 mg/L and the original pH value 8.8-9. As seen from the curves in Figs. 1 and 2, the adsorption takes place in two steps.
The first step occurs at the beginning stages of adsorption, when phosphate uptake increases rather sharply from the begining of the ordinates. Following that is the second step, which characterizes the entire remaining adsorption of phosphate, gradually up to equilibrium stage. Such two-step adsorption is usually observed in many systems and can be explained as follows: The first step is the adsorption occurring at the external surface of the adsorbent, where a high number of free adsorption sites is available. The second step occurs at a slower rate, since at that stage the diffusion within the porous adsorbents structure proceeds.
The data from Fig. 2 were analyzed using two reactionbased kinetic models and a diffusion-based model listed in Table 1 . The first reaction-based model is described by Lagergren's first-order rate equation ("pseudo-first-order rate equation") whose integrated form presents Eq. (1). The second reaction-based model applied is described by the pseudo-second-order rate equation, whose integrated form yields expression (2) .
Application of two models on the adsorption of phosphate onto 4 types of adsorbents showed that both possess satisfactory agreements as judged by the values of the determination coefficients. However, the analysis of the temperature dependence of the rate constants suggests that the pseudo-second-order model offers a more realistic description of the phosphate adsorption kinetics than Lagergren's first-order model (Table 1) .
In order to examine the extent to which diffusion participates in this sorption process, the data were further processed by the Weber-Morris mass transfer model [13] [14] [15] [22] [23] [24] . This model was described by the above rate equation (3) . Fig. 2 presents plots of a vs. t 1/2 for three various temperatures and 4 adsorbents, whereas the result of the corresponding linear regression analysis is summarized in Table 1 . Based on the plots at ment, with a sharper slope, can be attributed to the diffusion of the phosphate ions through the bulk solution to the externel surface of the adsorbent, i.e. the boundary layer (film) diffusion. The second segment of the fictive lines at Fig. 2 reflects the further gradual adsorption stage, which used to be characteristic for the intraparticle diffusion of pollutant (currently phosphate ions) into adsorbents channels and vacancies. Thus, there are two processes that affect the rate of phosphate adsorption onto clinoptilolite-rich tuff, slovakite, montmorillonite, and GEH 104 adsorbents, but only one of them is a rate-limiting step in the entire process. The slope of each linear portion indicates the rate of the corresponding adsorption, a lower slope describing a slower adsorption process. Based on the results shown in Fig. 2 , it follows that film diffusion proceeds faster (at the beginning stage) than the intraparticle-diffusion (at later stages), whereas the second segment of the fictive lines describing intra-particle diffusion does not pass through the ordinate´s origin (C > 0, Table 1 ). This fact means that the intraparticle diffusion is not the rate-limiting or dominant step in this adsorption process, although proceeding over a longer time period and/or surface reaction adsorption mechanism takes place as the relevant rate-limiting step [8, 14, 22, 24, 26] .
Film and pore diffusion equations (Eq. (4) and Eq. (5)) were used furthermore to check whether the film or pore diffusion step controls the adsorption process in the above study. According to Michelson et al. [24] Table 1 it can be concluded that film-diffusion is the rate-limiting step in all of the adsorbents examined, which simultaneously confirms the results of the applied Weber-Morris mass transfer model.
Standard Free and Activation Energies of the Systems Studied
The variation of the rate constant (obtained from the second-order model, Table 1 ) with temperature in the 298-333 K region was used for the calculation of the activation energy of adsorption in that region [25] [26] [27] . The activation energy was calculated using the Arrhenius equation (6) ) is the universal gas constant. Expression (6) can be rewritten as: (7) The plot of ln k 2 vs. 1/T using the k 2 values from Table 1 in the 298-333 K range for only the clinoptilolite-rich tuff and slovakite is presented in Fig. 3 . Based on our results, energetically lower surface physisorption of phosphate onto clinoptilolite-rich tuff, GEH, and montmorillonite, but the chemisorption by slovakite was confirmed.
The data obtained from the adsorption experiments at 298, 313, and 333 K, and the initial phosphate concentration of about 300 mg/L were used for calculation of other thermodynamic parameters -standard free energy (Gibbs free energy), ΔG°, and standard entropy from the following equations:
The equilibrium constant K d was calculated as the ratio of the equilibrium concentrations of phosphate on the adsorbents and in the solutions at constant temperature. The plot of ln K d vs. 1/T offers a straight line (Fig. 4) and the values of ΔSº and ΔHº may be obtained from its intercept and slope, respectively. The calculated thermodynamic parameters (8, 9, 10) for all the tested adsorbents are presented in Table 1 . The ΔG° values listed in Table 1 show that under standard conditions the adsorption of phosphate onto all adsorbents examined occurs spontaneously. The results of standard free energies listed in Table 1 indicate that the spontaneity slightly decreases with temperature. Fig. 1 depicts adsorption capacity of several commonly used adsorbents in phosphate vs. time dependence, among which the best performing GEH 104 (granular iron oxyhydroxide), montmorillonite, and slovakite exhibit. Nevertheless, Slovakian clinoptilolite-rich tuff showed some quantitative comparable uptake capacity, even without any pretreatment procedure that usually enhances total cost of such a purchased product. The highest phosphate removal performance of domestic natural zeolite among the other foreign zeolite samples (American, Chinese, and New Zealand mordenite) was the reason why we chose Slovakian clinoptilolite rich tuff together with GEH 104 , montmorillonite and slovakite for isotherm studies. Table 2 and Figs. 5-8 present adsorption results on clinoptilolite-rich tuff, GEH 104 product, slovakite, and montmorillonite using the statistical least square method (MW XP, Microsoft Office Excel 2003, regression analysis). The equilibrium data from Figs. 5-8 have been analyzed by two and three parameters empirical isotherm models according to Langmuir (11), Freundlich (12), Sips -Langmuir/Freundlich (13) , and Redlich/Peterson (14, 15), which indicated acceptable fits with the parameters listed in Table 2 . (11) or ( As can be seen from R 2 (determination coefficient) values, the Freundlich and Langmuir models provide a slightly better description of phosphate adsorption onto slovakite and GEH 104 product than onto clinoptilolite-rich tuff ( Table  2) . Adsorption of phosphate onto the clinoptilolite-rich tuff proceeds better according to the Redlich-Peterson model using the non-linear regression computation. Nevertheless, using the same computation, the adsorption of phosphate onto montmorillonite fits with the highest determination coefficient to the Sips (Langmuir/Freundlich) isotherm model.
Isotherm Studies
Phosphate ), thus undergoing phosphate precipitation, whereas adsorption onto GEH product proceeds probably by linkage of phosphate to cationic Fe 3+ of iron oxyhydroxide (Fig. 9a-b) . Phosphate adsorption onto slovakite is asumed to proceed by linkage of phosphate to plenty of alkalic earth cations present in its natural dolomite and clay constituents and, finally, montmorillonite may adsorb phosphate moreover based on its sufficient interlamellar distance (about 1.2 nm compared to the ionic diameter of PO 4 3-1,196 nm) also by intercalation mechanism (Fig. 9c-d) [20, [28] [29] [30] [31] . [20, 31] ) approaches the above dimensions and thus potentially supports the phosphate intercalation mechanism by this process studied (Fig. 9c) . It must be pointed out simultaneously that volcanic rock of clinoptilolite type contains due to the presence of other minerals overgrowing the active matrix thoroughly (volcanic glass, feldspar, cristobalite, clay, quartz), much broader external pore openings and various interparticle voids, which probably work as phosphate scavengers, too. Based on the S(BET) analysis performed, the BJH average pore diameters of above natural clinoptilolite and mordenite samples were determined in the range 9.2-20 nm [17, 18] . Mordenite structures posses even slightly broader pore openings than clinoptilolite structures (0.29×0.57 nm and 0.67×0.7 nm [17] ), therefore phosphate adsorption by New Zeland mordenite-rich tuff was effective, too. Accessability and geometry of external pores as well as potential interparticle voids by natural zeolites, responsible for phosphate uptake performance, support also the fact resulting from chitosan-zeolite product examination, by which the phosphate adsorption substantially decreased, probably on the basis of external surface covering with chitosan chains. Finally, to predict compatible bounding of phosphate onto the slag with the phosphate bounds onto zeolite, an elemental EDX-analysis of amorphous aluminosilicate slag was performed [17] . The results were compared to the clinoptilolite-rich tuff elemental analysis, respectively. Approximately twice higher content of CaO 8.95-9.9% and Fe 2 O 3 4.12-5.17% in Chinese slag was determined than in the clinoptilolite-rich tuff. Clinoptilolite-rich tuff contained CaO in the range of 2.91-3.5% and Fe 2 O 3 of 2-2.3%. Nevertheless, neither the higher content of Ca and Fe elements, nor the amorphous structure of the slag have been able to provide better adsorption.
Phosphate Elution Trials
The phosphate elution test into ammonium chloride solution out of the phosphate-loaded adsorbents, the procedure of which was described in the laboratory setup section, resulted in the easier desorption of strong precipitates of calcium and magnesium phosphates from clinoptiloliterich tuff (a selectivity of clinoptilolite toward ammonium cations high probably enabled easier elution of Ca 2+ [10, 18, 28] ) than in the case of phosphate linked to the surface of GEH product, sensu stricto phosphate linked to Fe 3+ of the akaganeite structure, as well as phosphate probably linked to the alkaline-earth cations of the slovakite structure. Desorption of phosphate out of the GEH product could be quantitatively estimated as about 3-times lower in regard to the phosphate desorption out of the clinoptiloliterich tuff.
Conclusions
Based on the experimental results obtained in this study the following statements may be concluded:
Slovakian clinoptilolite rich tuff can be used effectivelly in the removal of phosphate ions from waters. Although montmorillonite, slovakite, and GEH 104 product proved slightly higher uptake capacities toward phosphate ions at the ambient temperature than the clinoptilolite-rich tuff did, the increased temperature of systems supported the uptake performance only by clinoptilolite-rich tuff, not by montmorillonite and GEH 104 adsorbents. The film-diffusion is the rate-limiting step in all of the adsorbents examined, which simultaneously confirms the results of the applied Weber-Morris mass transfer model.
Energetically lower surface physisorption of phospate onto clinoptilolite-rich tuff, GEH, and montmorillonite, but chemisorption by slovakite was confirmed.
Under the standard conditions the adsorption of phosphate onto all adsorbents examined occurs spontaneously. The results of standard free energies indicate simultaneously that spontaneity slightly decreases with temperature.
